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A B S T R A C T
In this work, a series of Mn4+, Nd3+ and Yb3+ singly and co-doped Ca3La2W2O12 (CLWO) phosphors were prepared
using a high-temperature solid-state reaction approach. In CLWO:0.016Mn4+, the emission spectrum presents a band
around 709 nm attributed to Mn4+ 2Eg→4A2g transition under 365nm UV excitation, which partly overlaps the ex-
citation spectrum of Nd3+ singly doped CLWO phosphors. This indicates that a non-radiative resonant energy transfer
process from Mn4+ to Nd3+ ions would like to take place in Mn4+, Nd3+ co-doped CLWO phosphors. Although scarce
spectral overlap between Mn4+ emission and Yb3+ excitation in respective singly CLWO samples is observed, the
energy transfer from Mn4+ to Yb3+ ions can also be deduced based on the analyses of excitation spectra, emission
spectra and decay times in Mn4+, Yb3+ co-doped CLWO materials, which is proposed to be a phonon-assisted energy
transfer process since the energy difference between Mn4+ lowest excited state 2Eg and Yb3+ excited state 2F5/2 is quite
large. Moreover, in Nd3+, Yb3+ co-doped CLWO, the energy transfer phenomenon from Nd3+ to Yb3+ ions can be also
observed. Therefore, we introduce Nd3+ ions into Mn4+, Yb3+ co-doped CLWO phosphors to realize the Mn4+→
Nd3+→Yb3+ successive energy transfer process. Based on this, the Yb3+ emission intensity is highly enhanced in
Mn4+, Nd3+ and Yb3+ tri-doped CLWO relative to Mn4+, Yb3+ co-doped CLWO. As a result, with the assistance of two
channels Mn4+→Nd3+→Yb3+ andMn4+→Yb3+ energy transfer processes, the broadband UV/blue light from sunlight
spectrum can be effectively converted into Yb3+ near infrared (NIR), matching with the excellent spectral response of
solar cells, which is highly expected to improve the c-Si solar cells spectral conversion efficiency.
1. Introduction
Solar cells, a device converting incident sunlight into electricity, are of
great significance to compensate part of the energy consumption for human
beings since the solar energy is a renewable and green energy [1]. There-
fore, several kinds of solar cells and technologies have been investigated
such as crystalline silicon (c-Si) (mono/polycrystalline silicon), non-crys-
talline silicon, GaAs, CdTe, perovskite etc. to realize the light-electricity
conversion [2–8]. Up to date, as the first-generation solar conversion device,
c-Si solar cells still take up the majority of market because of their cheap
cost and easy processing technology. However, the current energy conver-
sion efficiency is only around 22% and 25% for industry production and lab
investigation, respectively, under the Shockley-Queisser limitation of about
30% [9,10]. The major issue for improving the solar conversion efficiency
lies in the spectral mismatch between the distribution of photons energy of
incident sunlight and the band gap of c-Si semiconductor materials, which
means low-energy photons usually can not be absorbed by the solar cells
while the high-energy photons usually can not be efficiently utilized be-
cause the excess energy will be released through the charge carrier ther-
malization or electron-hole recombination effects [11,12]. Consequently, as
a perspective, spectral conversion strategies involving up-conversion (two or
more low-energy phonons converted into one high-energy phonon) and
down-shifting or down-conversion (one high-energy photon converted into
one or more low-energy phonons) are commonly adopted to improve the
solar spectral utilization efficiency [13,14]. Generally, rare earth ions play
an important role to realize the spectral conversion as a result of their
abundant energy levels, among which Yb3+ ion is served as the best one for
c-Si solar cells spectral conversion materials. This is because Yb3+ ion only
has one excited state of 2F5/2 with the approximate 10000 cm−1 gap above
the ground state 2F7/2, and it therefore only emits the photons around
10000 cm−1, which is just above the energy gap of c-Si semiconductor
materials (∼1.12 eV) [15,16]. However, lacking the absorption in UV/
visible region of the spectrummakes it co-doped another rare earth ion such
as Tm3+, Pr3+, Tb3+, Er3+, Ho3+ etc. [17–22] to realize the desired
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spectral conversion via an efficient energy transfer process. It is unlucky that
only a small fraction of sunlight can be converted into near infrared (NIR) in
these systems due to their nature 4f-4f spin-forbidden transitions with low
absorption cross-sections. In order to improve this issue, such Ce3+, Yb2+,
Bi3+, Cr3+ etc. with broadband absorption in UV and visible regions were
selected as potential sensitizers for Yb3+ [23–26]. Aside from Yb3+, Nd3+ is
another alternative ion attracting much attention since the bands around
900 (4F3/2→4I9/2) and 1064nm (4F3/2→4I11/2) are also within the high
spectral response range of 900–1100nm for c-Si semiconductor materials
[27]. In reality, for practical application, the spectral conversion materials
should be effectively pumped by the sunlight and stable in severe atmo-
sphere outside. Accordingly, it is of great of importance to explore proper
spectral conversion materials with broadband absorption in UV and blue
regions, good spectral conversion performance, high chemical and physical
and mechanical stability.
Recently, Mn4+, a tetravalent transitional metal ion, gives rise to
lots of interest because it generally generates red-deep red emissions
(600–730 nm) when it locates at the octahedral sites in different com-
pounds, showing great potential for the supplement of red component
for white light-emitting diodes (w-LEDs) [28–33]. Moreover, its con-
stant intense absorption in UV and visible regions resulting from Mn4+-
O2- charge transfer transition and Mn4+ spin-allowed d-d transitions
4T1←4A2, 4T1←4A2 and 4T2←4A2 indicates its possibility for broadband
spectral conversion [34]. Commonly, although there is not any spectral
overlap between Mn4+ emission (600–730 nm) and Yb3+ excitation
bands (around 900–1000 nm), the energy transfer from Mn4+ to Yb3+
can still take place via a probable phonon-assisted non-resonant energy
transfer process requiring almost five phonons for energy conversion
[35], which was confirmed in Ca14Al10Zn6O35:Mn4+,Yb3+ and (La/
Gd)2ZnTiO6:Mn4+,Yb3+ materials [36–38]. However, it is rarely re-
ported on the resonant energy transfer phenomenon from Mn4+ to
Nd3+ ions despite an effective spectral overlap often can be observed
between the Nd3+ excitation and Mn4+ emission bands in proper hosts.
Moreover, the most energy transfer systems via the down-conversion
mechanism based on Nd3+-Yb3+ group are also validated [39–41]. In
view of this, we propose the energy transfer process of Mn4+→Nd3+→
Yb3+ is possible to be realized to enhance the spectral conversion
emission from Mn4+ to Yb3+ in appropriate phosphors. Recently,
Huang et al. [42] investigated the photoluminescence properties of
Mn4+ doped Ca3La2W2O12 phosphors, which showed good perfor-
mance for indoor plant cultivation application LED. On the basis of this,
in this work, we explore the energy transfer properties of Mn4+ to
Nd3+/Yb3+ ions and Nd3+ to Yb3+ ions [Although a bit difference for
the emission wavelength of 709 nm here (711 nm in ref.39) was found
on account of measurement environment]. More importantly, we si-
multaneously tri-dope Mn4+, Nd3+ and Yb3+ into Ca3La2W2O12 and
observe the successive energy transfer from Mn4+ to Nd3+ and then to
Yb3+ ions, which highly enhance the emission of Yb3+ around 988 nm
(high spectral response of c-Si solar cells). Accordingly, we believe that
this way of double energy transfer channels of Mn4+→Yb3+ and
Mn4+→Nd3+→Yb3+ realizing the emission enhancement of Yb3+ in
spectral conversion materials is of great potential to improve the
spectral conversion efficiency of c-Si solar cells. Moreover, it is inspired
that the role of Nd3+ can also serve as a bridge to enhance Yb3+
emission in extensive Yb3+-involved broadband spectral conversion
materials systems to improve the c-Si solar cells conversion efficiency.
2. Experimental section
2.1. Materials synthesis
Polycrystalline powders with the chemical composition formula of
Ca3La2-a/bW1.984O12:0.016Mn4+,aNd3+/bYb3+ (abbreviated as CLWO:0.
016Mn4+,aNd3+/bYb3+, a=0–0.08, b=0–0.40), Ca3La1.8-cW1.984O12:
0.016Mn4+,0.20Yb3+,cNd3+ (abbreviated as CLWO:0.016Mn4+,
0.20Yb3+,cNd3+,c=0–0.06), Ca3La1.96-dW1.984O12:0.016Mn4+,0.04Nd3+,
dYb3+, (abbreviated as CLWO:0.016Mn4+,0.04Nd3+,dYb3+, d=0–0.40),
Ca3La1.96-xW2O12:0.04Nd3+,xYb3+ (abbreviated as CLWO:0.04Nd3+,
xYb3+, x=0–0.40) and Ca3La1.8W2O12:0.20Yb3+ (CLWO: 0.20Yb3+) were
synthesized using a high-temperature solid-state reaction approach. Raw
materials CaCO3 (A.R.), La2O3 (99.99%), WO3 (99.9%), MnCO3 (99.9%),
Yb2O3 (99.9%), Nd2O3 (99.9%) were first weighed according to the com-
position formula. Subsequently, they were mixed homogenously and
ground in an agate mortar for about 15min with the assistance of proper
ethanol. Then, the mixture was dried followed by grinding for another
1min. After that, the mixture was transferred to a ceramic crucible and
calcined at 1100 °C with the increasing rate of 5 °C/min for 10 h in a fur-
nace. Finally, the products were cooled down to room temperature within
the furnace and ground again for following measurements.
2.2. Characterization
Powder X-ray diffraction (PXRD) was detected to recognize the
phase of as-prepared samples via a Thermo Scientific ARLX’TRA dif-
fractometer equipped with a Cu Kα (λ=1.5405 Å) source, maintaining
the scan rate at 5°/min from the scattering angle range (2θ) of 15°–65°.
Photoluminescence (PL) spectra and luminescence lifetimes were
measured on an Edinburgh Instruments FLSP 920 UV–vis–NIR spec-
trofluorimeter, equipped with a 450W continuous xenon lamp and a
60W pulsed μF 920 xenon lamp. The setup has a Hamamatsu R928P
red-sensitive photomultiplier tube (PMT) to detect the luminescence
locating at 200–870 nm wavelength range, and a liquid-nitrogen cooled
(−80 °C) Hamamatsu R5509-72 PMT to record near-infrared lumines-
cence up to 1700 nm. All the measurements were conducted at room
temperature.
3. Results and discussion
Fig. 1 shows the PXRD patterns of series as-prepared Mn4+, Nd3+,
Yb3+ doped CLWO phosphors. All the diffraction profiles can be as-
signed to the standard Ca3La2W2O12 compound with the corresponding
JCPDS card no. 49–0965, indicating pure phase of as-prepared samples
are obtained. No significant change of PXRD patterns can be observed,
which means that Mn4+, Nd3+, Yb3+ were successfully incorporated
into the CLWO crystal structure. Since the structure of CLWO com-
pound has not been reported up to now, the structure of isostructural
Ca5Re2O12 compound was approximately depicted instead [43,44]. As
shown in Fig. 2, there are three kinds of W6+ sites with six oxygen
atoms around and four kinds of Ca2+/La3+ sites with respective eight,
eight, nine and six atoms around in the lattice. It can be accepted that
Mn4+ ions [coordination number (CN)=6, radius (r)= 0.54 Å] were
tend to substitute W6+ (CN=6, r= 0.56 Å) sites and Yb3+/Nd3+
(CN=6, r= 0.87/0.98 Å, CN=8, r= 0.98/1.12 Å, CN=9, r= 1.05/
1.19 Å) were apt to occupy La3+ (CN=6, r= 1.05 Å, CN=8,
r= 1.18 Å, CN=9, r= 1.20 Å) sites on the basis of their close ionic
radii and same valence, respectively.
PL excitation and emission spectra of Mn4+ singly-doped CLWO are
shown in the identical Fig. 3a and d. Upon 365 nm UV excitation, it can
be observed that the emission of Mn4+ presents an asymmetric and a bit
broad red band ranging from 630 nm to 800 nm peaking at 709 nm,
originating from usual Mn4+ 2Eg→4A2g transition. The excitation
spectrum (λem= 709 nm) covers a broad band from 250 to 600 nm,
which can be decomposed into four Gaussian bands around 325 nm
(30769 cm−1), 351 nm (28490 cm−1), 392 nm (25510 cm−1) and
476 nm (21008 cm−1), corresponding to Mn4+-O2- charge transfer
transition, Mn4+ spin-allowed transitions 4T1g←4A2g, 2T2g←4A2g and
4T2g←4A2g, respectively [45], as presented in Fig. S1. As for
CLWO:0.04Nd3+ sample, we can observe two main narrow bands
around 910 (4F3/2→ 4I9/2) and 1064 nm (4F3/2→ 4I11/2) of Nd3+ upon
the maximum excitation of 584 nm. Several characteristic excitation
peaks around 360 nm (4D1/2←4I9/2), 432 nm (2P1/2←4I9/2), 467 nm
(4G9/2←4I9/2), 518 nm (2G9/2←4I9/2), 529 nm (4G7/2←4I9/2), 575 nm
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(2G7/2←4I9/2), 584 nm (4G5/2←4I9/2), 687 nm (4F9/2←4I9/2), 740 nm
(4S3/2←4I9/2), 823 nm (4F5/2←4I9/2) and 881 nm (4F3/2←4I9/2) [46–48],
can be found when monitored at the emission wavelength of 1064 nm.
In addition, a bit broad band ranging from 250 to 400 nm may be
originated from W6+-O2- charge transfer transition. By comparing
Fig. 3a with Fig. 3b, a significant spectral overlap between Mn4+
emission and Nd3+ excitation bands (marked in the green dotted line
frame) can be observed, indicating a resonant energy transfer process
from Mn4+ to Nd3+ ions would like to take place under UV or blue light
excitation. The PL emission spectrum of CLWO:0.016Mn4+,0.04Nd3+
material in Fig. 3c consists of both Mn4+ emission band around 709 nm
and Nd3+ characteristic bands around 910 and 1064 nm upon 365 nm
UV excitation. Moreover, the excitation spectrum monitored at
1064 nm is similar to that monitored at 709 nm except for the obviously
characteristic Nd3+ excitation peaks at 584 nm. These results confirm
that the energy transfer from Mn4+ to Nd3+ ions occurs in
CLWO:0.016Mn4+,0.04Nd3+ material. Regard to an Yb3+ singly-doped
CLWO sample CLWO:0.20Yb3+, the excitation spectrum (200–900 nm)
monitored at 988 nm presents a broad band from 240 to 400 nm
peaking at 317 nm in Fig. 3e, which may be ascribed to a Yb3+-O2-
charge transfer transition. Moreover, the emission spectrum shows a
characteristic narrow band of Yb3+ around 988 nm upon 317 nm ex-
citation, as depicted in Fig. 3e. The results in Fig. 3e indicate that UV
light can be effectively converted into NIR in this kind of Yb3+ singly-
doped CLWO samples. Obviously, there is scarcely spectral observed
between Mn4+ emission and Yb3+ excitation bands in by comparing
Fig. 3d with Fig. 3e. However, the excitation band monitored at 988 nm
that is similar to 709 nm in Fig. 3f still gives a possibility of energy
transfer from Mn4+ to Yb3+ ions in CLWO:0.016Mn4+,0.20Yb3+
sample, which would like to take place with the assistance of phonons
similar to a Cr3+-Yb3+ group [49]. Observed from the Nd3+ emission
Fig. 1. PXRD patterns of as-prepared representative Mn4+, Nd3+, Yb3+ doped
CLWO phosphors.
Fig. 2. Approximate crystal structure of CLWO compound and coordination environments of W and Ca/La atoms.
Fig. 3. PL excitation and emission spectra of CLWO:0.016Mn4+ [(a) and (d)], CLWO:0.04Nd3+ (b) and CLWO:0.20Yb3+ (e), and CLWO:0.016Mn4+,0.04Nd3+ (c)
and CLWO:0.016Mn4+,0.20Yb3+ (f).
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and Yb3+ excitation bands in Fig. S2a and b, respectively, a visible
spectral overlap locating at 850–920 nm (marked in the green dotted
line frame) indicates the possible energy transfer from Nd3+ to Yb3+
ions in Nd3+, Yb3+ co-doped CLWO, which can be validated via the
similar excitation spectrum of Yb3+ monitored at 988 nm to that of
Nd3+ monitored at 1064 nm in CLWO:0.04Nd3+,0.20Yb3+ sample in
Fig. S2c. Additionally, the emission spectrum of
CLWO:0.04Nd3+,0.20Yb3+ in Fig. S2c comprises both Nd3+ char-
acteristic bands around 910 nm and 1064 nm and Yb3+ band around
988 nm upon Nd3+ 584 nm characteristic peak excitation, further cer-
tifying the occurrence of energy transfer from Nd3+ to Yb3+ ions in
Nd3+, Yb3+ co-doped CLWO materials.
In order to investigate the influence of Nd3+ and Yb3+ concentra-
tions on luminescence properties in Mn4+, Nd3+/Yb3+ co-doped ma-
terials, a series of CLWO:0.016Mn4+,aNd3+ (a= 0–0.08) and
CLWO:0.016Mn4+,bYb3+ (b=0–0.40) were prepared. Fig. 4a shows
the PL emission spectra of CLWO:0.016Mn4+,aNd3+ (a=0–0.08) upon
365 nm excitation, from which we can observe both Mn4+ and Nd3+
emission bands simultaneously in all Mn4+,Nd3+ co-doped CLWO
samples. Additionally, the emission intensity of Mn4+ decreases
monotonously with increasing Nd3+ concentration from a=0 to 0.08.
It is different that emission intensity of Nd3+ increases to a maximum at
a=0.04, beyond which further Nd3+ results in the decrease of Nd3+
emission intensity attributed to the general concentration quenching
effect. In Fig. 4b, similar results can be found for
CLWO:0.016Mn4+,bYb3+ (b= 0–0.40), of which the maximum Yb3+
emission intensity appears at b=0.20. These results above indicate
that the energy transfer from Mn4+ to Nd3+/Yb3+ ions takes place in
CLWO:0.016Mn4+,aNd3+ (a=0–0.08) and CLWO:0.016Mn4+,bYb3+
(b= 0–0.40). As to CLWO:0.04Nd3+,xYb3+ (x= 0–0.40), it is found
that the emission spectra of all Nd3+, Yb3+ co-doped samples in Fig. S3
show both Nd3+ and Yb3+ characteristic bands under Nd3+ 584 nm
characteristic excitation. In addition, the emission intensity of Nd3+, as
depicted in Fig. S3, decreases monotonously with the increase of Yb3+
concentration x. The emission intensity of Yb3+ first increases to the
maximum at x= 0.20 with increasing Yb3+ ions and drops with its
further concentration originating from self-concentration quenching
effect, which elucidates the energy transfer from Nd3+ to Yb3+ ions
happens in Nd3+, Yb3+ co-doped CLWO phosphors.
To further validate the energy transfer process from Mn4+ to Nd3+/
Yb3+ ions in CLWO:0.016Mn4+,aNd3+ (a=0–0.08) and
CLWO:0.016Mn4+,bYb3+ (b=0–0.40) phosphors, decay curves
(λex= 365 nm, λem= 709 nm) for them were recorded and depicted in
Fig. 4c and d, respectively, which are fitted well with a double-ex-
ponential function as follows [50,51]:= + +I t I A t A t( ) exp( / ) exp( / )0 1 1 2 2 (1)
where I(t) and I0 refer to the luminescence intensities at time t and 0,
respectively, A1 and A2 are fitting constants, τ1 and τ2 correspond to the
luminescence lifetimes of quick and slow decay components, respec-
tively. The approximate decay time (τ) can be calculated using the
following equation:
= + +A A A A( )/( )1 12 2 22 1 1 2 2 (2)
As a result, the decay times are determined to be 0.597, 0.489,
0.438, 0.349, 0.246 and 0.143ms corresponding to a=0, 0.01, 0.02,
0.04, 0.06 and 0.08 in CLWO:0.016Mn4+,aNd3+ (a=0–0.08), re-
spectively, and 0.514, 0.471 and 0.380ms corresponding to b=0.10,
0.20 and 0.40 in CLWO:0.016Mn4+,bYb3+ (b=0.10–0.40), as listed in
Table 1. It is evident the value of decay time decreases monotonously
with increasing Nd3+/Yb3+ concentration in Mn4+, Nd3+/Yb3+ co-
doped CLWO samples. These results clearly supply a confirmation of
energy transfer from Mn4+ to Nd3+/Yb3+ ions in these two kinds of
phosphors. In addition, as for Nd3+, Yb3+ doped CLWO samples, the
decay time (λex= 584 nm, λem=880 nm) in Fig. S4 decreases from
110.4 μs to 28.4 μs with increasing Yb3+ concentration x=0 to 0.40 in
CLWO:0.04Nd3+,xYb3+ by double-exponential fittings for their decay
curves, which further elucidate an efficient energy transfer
Fig. 4. PL emission spectra (λex= 365 nm) and decay curves (λex= 365 nm, λem= 709 nm) for CLWO:0.016Mn4+,aNd3+ (a=0–0.08) [(a) and (c)] and
CLWO:Mn4+,bYb3+ (b=0–0.40) [(b) and (d)].
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phenomenon from Nd3+ to Yb3+ ions also takes place in Nd3+, Yb3+
co-doped CLWO materials.
It is accepted that energy transfer (ηT) from Mn4+ to Nd3+/Yb3+
ions can be approximately evaluated via the subsequent formula
[52,53]:
= 1T 0 (3)
where τ0 and τ correspond to the decay times of Mn4+ at the situations
of without and with Nd3+/Yb3+ in CLWO:0.016Mn4+,aNd3+/bYb3+
samples. Thus, the determined value of ηT (detailed values are listed in
Table 1) rises from 0.1809/0.139 to 0.7605/0.354 corresponding a/b
from 0.0.01/0.10 to 0.08/0.40 according to the obtained values of τ0
and τ in Table 1, indicating the energy transfer process becomes more
and more efficient with the increase of Nd3+/Yb3+ concentration in
CLWO:0.016Mn4+,Nd3+/Yb3+ materials (see Fig. 5).
As the energy transfer process belongs to a non-radiative resonant
type involving exchange interaction and electric multipolar interactions
mechanisms in CLWO:0.016Mn4+,Nd3+ samples, the critical distance
(Rc) was first estimated via the following formula [54,55]:
R V
X N
2 3
4c c
1/3
(4)
where V refers to the volume of the lattice, Xc is the total concentration
of Mn4+ and Nd3+ ions when the emission intensity of Mn4+ is half of
original one, N is the number of cations (La3+) for dopant substitution.
In this case, the V=4569.7Å3 and N=36 can be obtained from the
JCPDS card no. 49–0965 of Ca3La2W2O12 compound, and Xc = 0.016/
2 + 0.04/2 = 0.028 was acquired from the analysis of emission spectra
in Fig. 4a. As a consequence, the Rc value is determined to be 20.53 Å
according to Eqn (3), which is much larger than that for exchange in-
teraction (5 Å). Therefore, exchange interaction can be excluded in this
case and electric multipolar interactions will predominate the Mn4+→
Nd3+ energy transfer mechanism in CLWO:0.016Mn4+,Nd3+ samples.
It is well known that electric multipolar interactions consist of electric
dipole-dipole, dipole-quadrupole and quadrupole-quadrupole interac-
tions, which can be determined via analyzing the following formula
according to Dexter's and Reisfeld's approximation [56,57]:
CS
S
0 /3
(5)
where ηS0 and ηS correspond to the luminescence quantum efficiencies
of Mn4+ in the absence and presence of Nd3+ in the series samples,
respectively, and C is the total concentrations of Mn4+ and Nd3+ ions.
The specific mechanisms of electric dipole-dipole, dipole-quadrupole
and quadrupole-quadrupole interactions can be deduced via analyzing
α=6, 8 and 10, respectively. Generally, difficultly determining the
value of ηS0/ηS drives it to use the more straightforward correlated
lifetime ratio τ0/τ instead, which would convert Eqn (4) into [58]:
C0 /3 (6)
As depicted in Fig. S5a-c, the linear fitting relationships of τ0/τ
versus Cα/3 are plotted, which show the best result with the
R2=0.99809 in Fig. 5Sb corresponding to α= 8, indicating an electric
dipole-quadrupole interaction mechanism is responsible for the energy
transfer process from Mn4+ to Nd3+ ions in CLWO:0.016Mn4+,Nd3+
samples.
In a following section, as the energy transfer processes of Mn4+→
Nd3+, Mn4+→Yb3+ and Nd3+→Yb3+ demonstrated, respectively, we
therefore investigate the variation of PL properties of Mn4+, Nd3+ and
Yb3+ tri-doped CLWO phosphors. As shown in Fig. 6a, after the addi-
tion of Nd3+ into CLWO:0.016Mn4+,0.20Yb3+, the emission bands of
all these three Mn4+, Nd3+ and Yb3+ ions are observed upon 365 nm
excitation. Moreover, with increasing Nd3+ concentration a in
CLWO:0.016Mn4+,0.20Yb3+,cNd3+, the emission intensity of Mn4+
decreases monotonously while the emission intensities of Nd3+ and
Yb3+ ions rise monotonously without the concentration quenching at
current situation, which indicate the Mn4+→Nd3+, Mn4+→Yb3+ and
Nd3+→Yb3+ energy transfer processes can carry out simultaneously.
The inset in Fig. 6a shows the excitation spectra of CLWO:0.016M-
n4+,0.20Yb3+,0.04Nd3+ sample monitored at 709, 988 and 1064 nm.
It is observed that the excitation bands monitored at Nd3+ peak
1064 nm and Yb3+ peak 988 nm are similar to that of Mn4+ at 709 nm
except the apparent excitation peak at 584 nm (signed with a green
dotted line oval), which further certify the simultaneous three energy
transfer processes of Mn4+→Nd3+, Mn4+→Yb3+ and Nd3+→Yb3+ in
CLWO: Mn4+,Yb3+,Nd3+ samples. PL emission spectra of another
series samples of CLWO:0.016Mn4+,0.04Nd3+,dYb3+ (d=0–0.40)
with different Yb3+ concentrations are shown in Fig. 6b. With the in-
crease of Yb3+ concentration d in CLWO:0.016Mn4+,0.04Nd3+,dYb3+,
it is found that emission intensities (λex= 365 nm) of Mn4+ and Nd3+
decline monotonously whereas the emission intensity of Yb3+ reaches
the maximum at d=0.20 and drops with further Yb3+ concentration
attributed to the general Yb3+ self-concentration quenching effect. In
addition, in order to avert the influence of Mn4+, the decay curves
monitored at 910 nm upon 584 nm excitation in Fig. S6 are supplied to
further illustrate the energy transfer from Nd3+ to Yb3+ ions. The
decay times are determined to be 98.5, 75.3, 64.6 and 46.5 μs corre-
sponding to d=0, 0.10, 0.20 and 0.40 via a double-exponential fitting
above. It is apparent that the decay time drops monotonously with
increasing Yb3+ concentration in CLWO:0.016Mn4+,0.04Nd3+,dYb3+
(d=0–0.40), which confirms the existence of energy transfer from
Nd3+ to Yb3+ ions in this tri-doped system. All the results indicate that
Table 1
Decay times and energy transfer efficiencies (ηT) (λex= 365 nm,
λem= 709 nm) for CLWO:0.016Mn4+,aNd3+ (a= 0–0.08) and
CLWO:0.016Mn4+,bYb3+ (b= 0–0.40) samples.
Concentration (a/b) Decay time (ms) Energy transfer efficiency (ηT)
a= 0 0.597 ✕
a= 0.01 0.489 0.1809
a= 0.02 0.438 0.2663
a= 0.04 0.349 0.4154
a= 0.06 0.246 0.5879
a= 0.08 0.143 0.7605
b=0 0.597 ✕
b=0.10 0.514 0.1390
b=0.20 0.471 0.2111
b=0.40 0.380 0.3635
Fig. 5. Energy transfer efficiency (ηT) for CLWO:0.016Mn4+,aNd3+
(a= 0–0.08) (left) and CLWO:Mn4+,bYb3+ (b= 0–0.40) (right) as a function
of Nd3+/Yb3+ concentration a/b, respectively.
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two channels of Mn4+→Nd3+→Yb3+ and Mn4+→Yb3+ energy transfer
processes have proceeded in Mn4+, Nd3+ and Yb3+ tri-doped CLWO
system. Moreover, with the assistance of Nd3+, the emission of Yb3+ in
Mn4+-Yb3+ systems is much enhanced, which proposes a novel method
to realize the better spectral conversion efficiency for c-Si solar cells.
Fig. 7 shows the PL emission and excitation spectra of the best
sample CLWO:0.016Mn4+,0.20Yb3+,0.06Nd3+ in current situation and
the solar spectrum to recognize the possibility for spectral conversion of
UV/visible light to the NIR band for solar energy utilization. It is clear
that the broadband excitation spectra of CLWO:0.016M-
n4+,0.20Yb3+,0.06Nd3+ in the UV and visible regions are within the
solar spectrum, which has low response for c-Si solar cells while the
emission bands situating at ideal 930–1100 nm range has the excellent
response of c-Si solar cells. This suggests that converting a broadband
spectrum of UV/visible light into the Yb3+ NIR band has been realized
via the efficient energy transfer processes of Mn4+→Nd3+→Yb3+ and
Mn4+→Yb3+ in CLWO:Mn4+,Yb3+,Nd3+ materials, which is of great
interest to improve the solar energy conversion efficiency. Moreover,
the successive energy transfer process of Mn4+→Nd3+→Yb3+ supplies
an effective way to achieve NIR from UV/visible via spectral conversion
applied in other aspects such as optical telecommunication, biomedical
optical imaging, laser and optical sensors etc. More importantly, this
encourages that Nd3+ can be highly expected serve as a bridge role in
extensive Yb3+-involved broadband spectral conversion systems for c-
Si solar cells.
A simply electronic energy level schematic diagram illustrating the
energy transfer processes of Mn4+→Nd3+→Yb3+ and Mn4+→Yb3+ in
CLWO: Mn4+,Yb3+,Nd3+ series samples is exhibited in Fig. 8. As
shown here, singly-doped Mn4+ ions tend to locate in three kinds of
octahedral W6+ sites with six oxygen atoms coordination to produce its
red emission around 709 nm (14104 cm−1, 2Eg→4A2g) under a UV/blue
light excitation from 250 nm (40000 cm−1) to 600 nm (16667 cm−1).
And singly-doped Yb3+ and Nd3+ would like to occupy four kinds of
La3+ sites generating their characteristic emissions around 988 nm
(2F5/2→ 2F7/2) and 910 nm (4F3/2→ 4I9/2)/1064 nm (4F3/2→ 4I11/2)
upon their characteristic excitations. When they are co-doped into a
CLWO host, the energy transfer from Mn4+ to Yb3+ ions will proceed
via a phonon-assistant process enhancing Yb3+ emission around
988 nm under a UV/blue light excitation because the energy difference
between the Mn4+ lowest excited energy level 2Eg (14104 cm−1) and
the Yb3+ excited state 2F5/2 (10121 cm−1) is quite large (about
3983 cm−1∼5×phonons [35] energy 809 cm−1 shown in Fig. S7).
Simultaneously, some electrons at Mn4+ 2Eg excited energy level will
transfer to close Nd3+ 4F7/2,4S3/2 and 4F9/2 excited energy levels to
enhance the emission of Nd3+ around 910 nm (4F3/2→ 4I9/2) and
1064 nm (4F3/2→ 4I11/2) followed by the non-radiative relaxing process
to Nd3+ 4F3/2 (the Forster's Resonant Energy Transfer process ).
Moreover, some of them then will transmit to Yb3+ 2F5/2 excited energy
level to realize the enhancement of Yb3+ emission around 988 nm (2F5/
2→ 2F7/2) (process ) because of close excited state energy levels of
Yb3+ 2F5/2 and Nd3+ 4F3/2. This reveals there are two channels of
Mn4+→Nd3+→Yb3+ and Mn4+→Yb3+ energy transfer processes in
CLWO: Mn4+,Yb3+,Nd3+ series samples, based on which the emission
intensity of Yb3+ is greatly enhanced compared to Mn4+,Yb3+ co-
doped situation. Accordingly, it can be highly anticipated that the solar
cells spectral conversion efficiency will be improved with the assistance
of Nd3+ in Mn4+, Yb3+ co-doped phosphors.
4. Conclusions
In summary, a series of Mn4+, Nd3+ and Yb3+ singly and co-doped
Ca3La2W2O12 phosphors were synthesized via a high-temperature solid-
state reaction approach. The CLWO:0.016Mn4+ presents a broad ex-
citation spectrum from 250 to 600 nm monitored at 709 nm and an
emission band around 709 nm under 365 nm UV excitation. An ob-
served significantly spectral overlap between Mn4+ emission and Nd3+
excitation indicates the energy transfer from Mn4+ to Nd3+ ions in
Mn4+, Nd3+ co-doped CLWO, which can be confirmed via excitation
spectra, emission spectra and decay times. Although there is not any
spectral overlap between Mn4+ emission and Nd3+ excitation spectra,
the energy transfer properties from Mn4+ to Yb3+ ions in Mn4+, Yb3+
Fig. 6. PL emission spectra (λex= 365 nm) of CLWO:0.016Mn4+,0.20Yb3+,cNd3+ (c= 0–0.06) (a) and CLWO:0.016Mn4+,0.04Nd3+,dYb3+ (d=0–0.40) (b). Inset
in (a) is the excitation spectra of CLWO:0.016Mn4+,0.20Yb3+,0.04Nd3+ sample monitored at 709, 988 and 1064 nm.
Fig. 7. The solar spectrum and PL excitation (λem= 988 nm) and emission
spectra (λex= 365 nm) for CLWO:0.016Mn4+,0.20Yb3+,0.06Nd3+ sample.
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CLWO still can be deduced via relative data analysis in Mn4+, Yb3+ co-
doped CLWO samples, which is proposed to be a phonon-assistant
process owing to the large energy difference between Mn4+ lowest
excited state 2Eg and Yb3+ excited state 2F5/2. Moreover, the energy
transfer from Nd3+ to Yb3+ is also certified in Nd3+, Yb3+ co-doped
CLWO samples. Based on the results above, Nd3+ was added to Mn4+,
Yb3+ co-doped CLWO phosphors to highly enhance the Yb3+ emission
around 988 nm via the energy transfer process of Mn4+→Nd3+→Yb3+.
As a result, with the assistance of two channels of Mn4+→Nd3+→Yb3+
and Mn4+→Yb3+ energy transfer processes, the UV/blue light from
sunlight spectrum can be effectively converted into Yb3+ near infrared
(NIR), matching with the excellent spectral response of solar cells,
which is highly expected to improve the solar energy spectral conver-
sion efficiency for solar cells. With this perspective, it is of great po-
tential that the role of Nd3+ can also serve as a bridge to obviously
enhance Yb3+ emission in Yb3+-contained broadband spectral con-
version materials systems to improve c-Si solar cells conversion effi-
ciency.
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